Nitrogen isotope compositions (δ 15 N values) of kerogen in the sedimentary rocks from the 1878 Ma Gunflint Formation were analysed to understand the relationships among microbial activities, ocean chemistry, and tectonic evolution in the Animikie Basin. In the present study, the stepwise combustion analysis, performed on 13 kerogen samples, indicates that the δ 15 N values of kerogen can be sub-divided into two fractions with discrete values depending on the combustion temperatures: a lower-temperature fraction (from 500 to 575 ˚C), and a higher-temperature fraction (higher than 575 ˚C). A positive correlation was observed between the δ 15 N values of the lower-temperature fractions and Pr/Sm ratios, which represent contributions from the continental input. In contrast, no correlation was observed between the δ 15 N values of the higher-temperature fractions and the Pr/Sm ratios. This relationship between the δ 15 N values and the continental inputs is explained by the isotopic fractionation effects of the biological nitrogen cycle associated with the enhanced microbial activity, triggered by the active tectonic settings in the Animikie basin.
Introduction
The nitrogen isotope compositions (δ 15 N values) of organic matter (OM) found in ancient sedimentary rocks are used as proxies for reconstructing the microbial nitrogen cycle and the palaeo-oceanic environment (e.g., Robert, 1999, Shen et al., 2006; Ader et al., 2016; Stüeken et al., 2016) . OM in sedimentary rock is considered to be a complex mixture of several organisms, however, they are poorly understood. In the stepwise combustion method, components hosted by different carriers, which are intimately mixed in a sample and cannot be separated by other physical methods, can be resolved based on the combustion temperature. A preliminary study was performed using kerogen samples extracted from two rock samples from the Gunflint Formation, indicating temperature-dependent δ 15 N heterogeneities within each kerogen sample (Ishida et al., 2012) . In this study, we further examined 11 samples in search of internal δ 15 N heterogeneities in the Gunflint kerogen.
The Gunflint Formation, belonging to the Animikie Group, is located on the northwestern shore of Lake Superior, Ontario, Canada (Goodwin, 1956) . The age of the Gunflint Formation is estimated as 1878 ± 1.3 Ma by U-Pb dating (Fralick et al., 2002 ). An evolution model for the Animikie Basin has been proposed by, e.g., Schulz and Cannon (2007) . The tectonic evolution in this region leads to transition from foreland-type volcanism to the back-arc type volcanism, resulting in active supply of detrital material from the continent. In the present study, samples were collected covering the variation representative of shallow to deep lithology. Lithology and whole rock major and trace element geochemistry, which were consistent with previous studies, are summarised in Supplementary Information.
Stepwise Nitrogen Analysis of Kerogen
The stepwise combustion method discriminates organic nitrogen fractions with different chemical natures. The analytical protocols and performances are described in Ishida et al. (2012) , and references therein. Kerogen samples were combusted in an oxygen atmosphere with temperatures from 450 ºC to 1100 ºC. No isotope measurement was performed at 450 ºC, where surficial contamination, such as adsorbed nitrogen and/or ammonium ions, dominates. Empirically two distinct nitrogen isotope plateaus appear in kerogen analyses: one appears at temperatures between 475 ºC and 575 ºC (lower temperature fraction: LT-fraction), and the other appears at temperatures more than 575 ºC (higher temperature fraction: HT-fraction) (Ishida et al., 2012) . Between 475 ºC and 575 ºC, combustion temperatures were increased in 25 ºC steps to precisely resolve LT-and HT-fractions. Beyond this temperature range, one batch of combustion was performed at 1100 ºC for analyses of the HT-fraction. Besides the stepwise combustion, δ
15 N values of bulk kerogen were also determined.
The δ 15 N values of the bulk kerogen samples, ranging between +2.9 and +8.0 ‰, are consistent with previous reports (e.g., Godfrey et al., 2013) . The isotope shift by metamorphism can induce preferential release of 14 N from the OM. However, the low metamorphic grade of the Gunflint Formation (below greenschist facies) cannot be responsible for a significant fractionation, up to 5 ‰ (e.g., Haendal et al., 1986 , Ader et al., 2016 . The lack of systematic correlation between δ 15 N values and C/N ratios among kerogen samples expected by the metamorphism (e.g., Haendal et al., 1986) supports the above argument ( Fig. S-3 ).
The modern marine biosphere involves a nitrogen biological cycle that consists mainly of fixation (N 2 →NH 4 + ), nitrification (NH 4 + →NO 2 -→NO 3 -), and denitrification (NO 3 -, NO 2 -→N 2 ). When biological N 2 fixation is dominant, the δ 15 N values of OM tend to be close to the atmospheric value (0 ‰), because of minimal isotopic fractionation expected in fixation. However, when nitrification and denitrification are coupled with fixation, the δ 15 N value of OM may grow to positive values. This isotopic shift is considered as evidence of isotopic fractionation driven by biological nitrification and denitrification (e.g., Shen et al., 2006; Brandes et al., 2007; Sigman et al., 2009; Hashizume et al., 2016) . The δ 15 N values of OM can vary depending on the balance between the rate of N 2 fixation and the rates of nitrification/denitrification (e.g., Lehmann, et al., 2002, Pinti and Hashizume, 2011) . For example, Papineau et al. (2013) reported that the δ 15 N values of OM in Palaeoproterozoic Indian sedimentary formations were approximately 0 ‰. These values were interpreted to be the result of a system dominated by N 2 fixation associated with cyanobacterial blooms. In contrast, our data show much more positive δ 15 N values for the bulk kerogen samples, reaching values as high as +8 ‰. Such positive values suggest that nitrite and nitrate were available in the Gunflint ocean. Kerogen from Palaeoproterozoic samples, except for phosphatic shales, also exhibit positive values, up to +12 ‰ (e.g., Papineau et al., 2009 , Godfrey et al., 2013 , Stüeken et al., 2016 . To operate such a biological nitrogen cycle, oxygenated surface water is required at this time.
Stepwise combustion analyses of δ 15 N were performed on kerogen samples mainly from the Current River section (see Supplementary Information and Table S -2) . In this section, the lithology changed from shale (#0714, #0715) to carbonate-sand zone (#0711 to #0703) to arkosic sandstone (#0701, #0702). Such lithological changes represent a local marine regression. Figure 1 shows the results of the stepwise combustion analyses performed on 13 kerogen samples in our study. The average δ 15 N values of the LT-fractions and the HT-fractions (δ 15 N LT and δ 15 N HT , respectively) were calculated using the δ 15 N values and the released amounts for the relevant temperature steps. Some samples exhibited higher δ 15 N HT than δ 15 N LT , while other samples exhibited the opposite trend. The ranges of the δ 15 N values for both fractions are similar to the overall range of bulk kerogen δ 15 N values. In most samples, the HT-fractions have lower amounts of nitrogen than those of the LT-fractions. The differences in the combustion temperature possibly correspond to differences in the carbon structure for fractions of kerogen that co-exist in OM (Ishida et al., 2012) .
Figure 1
Results of the stepwise combustion analyses of 13 kerogen samples from the Gunflint Formation (samples #0704 and #0708 are cited from Ishida et al., 2012) . Nitrogen concentrations (white bars) and δ 15 N values (black squares) are shown. The average δ 15 N values and errors of both the lower-temperature and the higher-temperature fractions are shown as light green and dark green bars, respectively. Original data are summarised in Table S-2. Analytical error of δ 13 C and δ 34 S are within 0.2 ‰. Underlined values: below instumental reproducibility (0.1 %). n.a.: not analysed because of low amount of organic matter. 1 Details are described in Tables S-1 and S-4.
The nitrogen released in the HT-fraction possibly has stronger bonds with carbon in the form of graphitised kerogen, compared to the LT-fraction. Ishida et al. (2012) concluded that the HT-fraction might not be a metamorphosed portion of OM with the same origin as the LT-fraction, since the HT-fraction does not always show higher δ 15 N values than the LT-fraction. Because the chemical structures of kerogen are known to be heterogeneous, some components of kerogen are easy to graphitise but the others are non-graphitised (e.g., Bustin et al., 1995; Beyssac et al., 2002) . We interpret the OM observed in the HT-fraction to represent the residue of graphitised parts of kerogen. Such graphitisation could be promoted by the heterotrophic microbial degradation during diagenesis. Thus, we interpret the nitrogen in the LT-fractions to represent more indigenous nitrogen isotope compositions in the ecosystem at that time.
A positive correlation was observed between the δ 15 N LT and the Pr/Sm ratios of bulk rock (Fig. 2a) . The Pr/Sm ratios among our samples are interpreted to represent the contribution of continental inputs to the ocean, supported by the negative correlation with Eu/Eu* (Bolhar et al., 2005) (Fig. 3a) , and positive correlations with abundances of elements that represent detrital inputs (Fig. 3b,c) . The δ 15 N HT showed a poor correlation with the Pr/Sm ratios (Fig. 2b) . The variable δ 15 N LT values in a positive range and their correlation to the Pr/Sm ratios could be caused by intense nitrification/denitrification when the nutrient supply from the land enhanced. (Bolhar et al., 2005) . Positive correlations exist between the Pr/Sm and TiO 2 and Zr concentrations.
Palaeo-ecosystem in the Gunflint Ocean
The carbon isotope compositions (δ 13 C values) of the examined kerogen samples, ranging from -33.6 to -25.1 ‰, are consistent with the carbon isotope values fixed by cyanobacteria (e.g., Schidlowski, 1988; House et al., 2000) . The δ 13 C of kerogen in the sedimentary rocks, in general, corresponds to the values of contemporary primary producers. The presence of oxygenic primary producers in the Gunflint ocean is consistent with the biological nitrogen cycle proposed in the present study, and with the mineralogical and trace element geochemistry (see Supplementary Information).
The OM sinking through the water column would consume the dissolved oxygen, producing a temporary or partial sub-oxic zone in the Gunflint ocean, similar to a red tide event in the modern ocean (Minagawa and Wada, 1986) . In the water column with spatially variable redox conditions ranging from oxic to anoxic, nitrification/denitrification processes could be enhanced, thereby inducing 15 N enrichment in the OM (e.g., Shen et al., 2006; Sigman et al., 2009) . One of the triggers of red tide in the modern ocean environment is considered to be an increased amount of nutrient supply to the ocean from the land (e.g., Taylor et al., 1995; Valiela et al., 1997; Hauxwell et al., 1998) . The rapid growth of continents in the Animikie basin enhanced the supply of elements from the terrestrial region to the Gunflint ocean. Our data suggest that increased continental input brought more phosphorus and trace metal elements to the sedimentary environment ( Fig. S-3 , Table S-5), rather than modern-like nutrients such as dissolved OM, which are less likely at this time. The increased flux of such elements into the Gunflint ocean would promote the high production and nitrogen cycling in the biosphere of the shallow ocean (e.g., Papineau et al., 2009; Edwards et al., 2012; Stüeken et al., 2015) , as represented by the positive correlation between Pr/Sm ratios and δ 15 N LT of kerogen observed in this study.
The active production of OM may have facilitated the formation of the organic-rich sediments as well. The high flux of OM would keep the interior of sediments under suboxic to anoxic conditions, where the activity of sulphate-reducing bacteria was promoted. Such conditions would produce the heavier δ 34 S values in the final products, such as pyrite (see Table 1 and Supplementary Information). A local involvement of methanogens and methanotrophs in such a benthic or subsurface environment is also plausible and is supported by the carbon isotope study of microfossils (House et al., 2000) . The primary OM precipitated to the sea floor would be decomposed by those heterotrophic bacteria, resulting in nitrogen isotope heterogeneities in the kerogen left in the sediments. The combined approaches of stepwise nitrogen isotope analyses and multiple geochemical analyses in this study can be used as a proxy to understand the evolution of biosphere and ocean environment in the Precambrian age.
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The Gunflint Formation
The Gunflint Formation is located on the north-western shore of Lake Superior, Ontario, Canada ( Fig. S-1 ). Together with the Rove Formation, the Gunflint Formation belongs to the Animikie Group (Goodwin, 1956 ). The Animikie Group unconformably overlies the Archean Superior craton, which consists of the accretion of volcanic and sedimentary rocks originally formed by the Algoman orogeny (e.g., Ojakangas et al., 2001) . The Gunflint Formation sedimentation began with quartz sand in a tidal environment and was often associated with stromatolites. Owing to water depth fluctuations, the sedimentary rocks transitioned to chert carbonate, iron formations, or taconitic carbonate. The Gunflint Formation is overlain by the shale-dominated Rove Formation. In particular, laterally uniform banded iron formations (BIFs) and iron-rich layers formed from Ontario to Minnesota in the same basin (Schulz and Cannon, 2007) .
The sedimentary rocks of the Animikie Group formed in close association with the Penokean orogenic events, which involved rifting, submarine hydrothermal activity, subduction, accretion of arc volcanic and magmatic rocks, and the oldest Palaeoproterozoic accretionary orogeny (e.g., Blackwelder, 1914; Hoffman, 1988; Ojakangas et al., 2001) . The Animikie Basin, in particular during the depositional period of the Gunflint Formation, is interpreted to have formed in a back-arc basin (Hemming et al., 1995; Van Wyck and Johnson, 1997) . Submarine volcanism caused black smoker-type submarine hydrothermal activity in deep parts of the Animikie back-arc basin, forming Kuroko-type volcanogenic massive sulphide deposits (De Matties, 1994) . At the end of arc/back-arc activity, arc-related crustal blocks (Pembine-Wausau Terrane) collided with the Superior craton. This tectonic event changed the back-arc basin into a foreland basin (Ojakangas et al., 2001) . The protoliths of the sedimentary rocks in the Gunflint Formation in the Animikie Group also changed rapidly, from Archean rocks and arc-type volcanic rocks to Penokean fold-and-thrust belt rocks (Schulz and Cannon, 2007) . These tectonic settings supplied large quantities of diverse detrital materials to the Gunflint ocean, resulting in a unique and complex sedimentary environment with radical tectonically driven changes in sea level (e.g., Pufahl and Fralick, 2000; Fralick et al., 2017) . The upper part of the Gunflint Formation contains evidence of a potential meteorite impact, such as tektite, accretionary lapilli tuff and stormy sediments. These features were caused by the Sudbury meteorite, which fell at 1850 ± 1 Ma (Addison et al., 2005) . This age is consistent with the last deposition period of the Gunflint Formation. An ash layer near the base of the Rove Formation yielded a U-Pb zircon age of 1836 ± 5 Ma (Addison et al., 2005) , and a volcanic ash layer in the Gunflint Formation yielded an U/Pb zircon age of 1878 ± 1.3 Ma (Fralick et al., 2002) . Both radiogenic ages constrain upper and lower age limits of the Gunflint Formation.
The Gunflint Formation in Canada is one of the most well-known Palaeoproterozoic sedimentary formations that has not suffered high-grade metamorphism (e.g., Floran and Papike, 1975; Fralick et al., 2002; Alleon et al., 2016) . The first report of Precambrian microfossils was from silicified stromatolites in this formation (Tyler and Barghoon, 1954) . Following this find, several geochemical analyses have been performed on these microstructures and kerogen (e.g., House et al., 2000; Godfrey et al., 2013; Wacey et al. 2013 Wacey et al. , 2016 Williford et al., 2013) . Geochemical studies on the organic matter in the Gunflint Formation have also been performed but only a few have focused on the nitrogen isotope compositions of the organic matter (e.g., Ishida et al., 2012; Godfrey et al., 2013) . The sedimentary rocks of the Gunflint Formation were deposited in a tectonically active foreland or back-arc basin (e.g., Ojakangas, 1994; Fralick et al., 2002) . In these environments, marine transgressions and regressions occurred frequently, and weathering inputs from terrestrial regions intensified, often in the same sedimentary basin.
Studied samples were collected from the following 6 sections ( Fig. S-1 ): (1) Pass Lake section, (2) Blende Lake North section, (3) Current River section, (4) Terry Fox section, (5) Kakabeka Falls section and (6) Highway 590 east section. The lithology, mineralogy and chemistry of each section are described in Section 4. The occurrence of pyrobitumen was reported in the Lake Superior region (Mancuso, 1989 ), but we did not include samples with pyrobitumen in the following chemical and isotope analyses. Sampling was performed avoiding and removing the weathering surface carefully.
Methods

Mineralogical observations
Thin sections of the samples were observed under both a petrographic microscope (Olympus, BX50) and a scanning electron microscope with an energy-dispersive X-ray spectrometer (SEM/EDX) to determine the mineral assemblages and chemical compositions. A portion of the extracted kerogen was observed under a transmission electron microscope (TEM; JEOL, JEM-2010) to determine the carbon structures. The kerogen sample was mounted on a copper grid with a support membrane. The primary TEM electron beam was accelerated to 200 keV.
Elemental concentrations
Kerogen samples were extracted following the procedures of Vandenbroucke (2003) . Detailed procedure is described in Ishida et al., (2012) . Analyses of C, H, S and N concentrations were performed on both the extracted kerogen and bulk sample powder using an elemental analyser (EA; CarloErba EA1108). Approximately 3 milligrams of kerogen and 20 milligrams of powdered bulk rock samples were combusted. The reproducibility and accuracy of the analyses are within 0.1 % for each element. 
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The chemical compositions of 43 representative bulk rock samples were analysed using an inductivity coupled plasma mass spectrometer (ICP-MS). Approximately 100 grams of whole rock material was homogeneously powdered, and 20 grams of powder was analysed. The analyses were performed by Activation Laboratories Ltd., Canada. The concentrations of major and trace elements, including rare earth elements (REEs), were measured. The values of Post-Archean Australian Shale (PAAS; Pourmand et al., 2012) were used as the reference compositions for normalising the sample values.
Carbon and sulphur isotopic composition analyses
Carbon and sulphur stable isotope compositions were determined using an EA and a MAT252-ConfloIII system. Samples were combusted in the EA. The generated CO 2 or SO 2 gases were carried into the IRMS by a helium flow. The carbon isotope compositions are expressed relative to the international Pee Dee Belemnite standard (PDB; 13 C/ 12 C = 0.011237) in the standard delta (δ) notation as follows:
The sulphur isotopic compositions are expressed relative to the international standard Canyon Diablo Troilite (CDT; 34 S/ 32 S=0.045005) in the standard delta (δ) notation as follows:
The reproducibility and accuracy of these analyses are within 0.2 ‰ (1σ).
Nitrogen isotope analyses of kerogen
The nitrogen isotope compositions were determined by applying both bulk and stepwise combustion methods. Because of the low concentrations of nitrogen in the kerogen, a high-sensitivity method using a static-type mass spectrometer was required. The Balzers QMG420 mass spectrometer at Osaka University, Japan, was used. The analytical protocols and performances are described in detail in Ishida et al. (2012) and references therein. For the bulk kerogen analysis, samples were heated in an oxygen atmosphere at 1200 ºC for 90 minutes to extract all gases at one time. In the stepwise analysis, the combustion involved 6 or 7 temperature steps, typically at 450, 475, 500, 525, 550, 575 and 1100 ºC. These temperature steps were chosen according to the results of Ishida et al. (2012) to capture the observed shift in the 15 N/ 14 N ratios at 575 to 600 ºC in examined kerogen samples. No measurement was performed at the first 450 ºC step, where surficial contamination, such as adsorbed nitrogen and/or ammonium ions, can dominate the sample gas. Samples were then combusted from 475 ºC to 575 ºC at 25 ºC steps to observe the shift in δ 15 N values across the low and high temperature ranges. Samples were finally combusted at 1100 ºC to confirm the complete release of nitrogen from the samples. The nitrogen isotope compositions are expressed relative to atmospheric N 2 ( 15 N/ 14 N = 0.00367) by the standard delta (δ) notation as follows:
The δ 15 N values and the amounts of released N and C for each temperature fraction were measured. The typical reproducibility (1σ) of the isotope ratio for 1 ng of standard air is 0.7-0.9 ‰ (Ishida et al., 2012) . The blank level of nitrogen was usually negligible (typically <0.01 ng at <1000 ºC) compared to the amount released from organic matter.
Unless otherwise noted, the error bars in this study represent 1σ errors, and the elemental ratios represent compositional ratios.
Lithology, Mineralogy, and Whole Rock Chemistry
The data of bulk chemical compositions in the following sections are summarised in Table S-1.
Pass Lake section
Alternating layers of carbonate and sandstone, banded chert/ carbonate, and black shale were observed (48.60289ºN, 88.779709ºW to 48.593987ºN, 88.768745ºW). In the southern part, banded chert and carbonate cropped out with alternations of iron-rich and silica-rich layers on the scale of a few centimetres. The iron-rich layers consisted of iron oxide with minor euhedral siderite (Fig. S-2b ). Thin black shale layers were occasionally intercalated in iron layers. In the black shale, euhedral to semi-euhedral pyrite crystals were the major ironbearing minerals. The SiO 2 concentrations ranged from 54.2 to 97.2 % for the banded chert/carbonate and 8.3 to 26.3 % for the black shale layer. Carbonate, taconite and tuffaceous shale were dominant in the northern part (closer to Highway 11). These layers were stratigraphically lower than the banded chert/carbonate (Goodwin, 1956 ). In the banded carbonate section, dolomitic massive carbonate and granular chert layers were present in alternating layers. Most parts of the granular chert layer were silicified, and the components were composed of microcrystalline quartz. The silicification had resulted in variable SiO 2 concentrations in the carbonate samples, ranging from 2.8 to 73.6 %. Well-preserved oolite was found in the microcrystalline quartz matrix (Fig. S-2a , sample #0721). The diameter of each grain was several hundreds of μm. The core material of the ooids was typically fragmented quartz, with occasional carbonate and minor pyrite. These core materials were concentrically covered by ferrodolomitic carbonate. The chemical compositions of the dolomitic carbonate were analysed by SEM/EDS. In general, their compositions were similar to the ferrodolomitic massive carbonate observed in this section. Diagenetic pyrite crystals were commonly observed throughout all examined layers. The Fe 2 O 3 concentrations of the silicified carbonate layers ranged from 2.8 to 45.2 %.
Blende Lake North section
The outcrop was a few hundred metres northwest of the Pass Lake section (48.59729ºN, 88.790367ºW). It consisted of black shale with minor beds of ash layers and ferruginous chert. The chert layers contained haematitic iron oxide. The black shale layers contained alternations of tuff-rich layers and friable organic/clay-rich layers. High Fe 2 O 3 contents (up to 45 %) were observed in samples #0301 to #0311. High Al 2 O 3 , TiO 2 and K 2 O contents were observed in the black shale layers (samples #0301 to #0304), indicating the presence of abundant clay.
Current River section
The Current River section was a continuous exposure of the Gunflint Formation along a riverbed. The examined section ranged from Trowbridge Falls (48. 489132˚N, 89.188187˚W) to the end of the North Current River (48. 490452˚N, 89.194267˚W) . The lithologies changed gradually from a lower black shale-dominated zone to an upper carbonate-sand zone (sample #0701 to #0712). The carbonate-sand zone consisted of alternating layers of carbonate and taconitic or cherty sandstone. Some carbonate layers consisted of millimetre-scale laminated and brecciated structures. The cherty sandstone consisted of a microcrystalline quartz matrix and coarser quartz grains with minor grains of carbonate. Euhedral to semi-euhedral ferrodolomite crystals were observed in the laminated layer with detrital quartz (sample #0704; Fig. S-2d) . The massive carbonate layers often contained reworked veins associated with brecciation. In the middle layers of this section, shale and carbonate were observed. Layers of organic matter contained detrital lithic fragments, such as quartz and clay minerals (sample #0709; Fig. S-2d ). Phosphoritic pebbles were found together with shale pebbles in the lowermost layer of carbonate. Phosphoritic pebbles consisted of calcium apatite, iron oxide, carbonate, quartz, pyrite, clay minerals and organic matter (sample #0713; Fig. S-2e ). Framboidal pyrite crystals were observed around the phosphoritic pebbles but not inside of the pebbles (Fig. S-2e , 48.489521˚N, 89.188225˚W). The framboidal pyrites were approximately 10 μm in diameter and contain less than 1 wt. % arsenic, whereas the euhedral pyrite did not contain arsenic. In the lower layers, black shale was dominant and consisted of fine grains of detrital quartz, illite, chlorite, and organic matter with minor carbonate grains (sample #0715; Fig. S-2f ). Silicification was significant in all samples, with variable SiO 2 concentrations ranging from 15.2 to 74.9 %. Overall, the Fe 2 O 3 concentrations ranged from 8.9 to 30.3 %, suggesting high Fe fluxes during deposition.
Terry Fox section
The Terry Fox section covered the Gunflint and Rove Formations (48.484425˚N, 89.167976˚W). The stratigraphic top part of the Gunflint Formation was exposed here and consisted of dolomite to ferrodolomite layers and a granular chert layer (Fig. S-2g) . The dolomitic layers consisted of euhedral dolomite and anhedral quartz with minor organic matter with euhedral pyrite crystals (Fig. S-2i) . The chert layer consisted of microcrystalline quartz grains and a quartz matrix (Fig. S-2h) . A Logan diabase sill formed a cliff exposure of the Rove Formation (Floran and Papike, 1975) . The Fe 2 O 3 concentrations (6.2 to 13 %) in the carbonate samples were less than those of other carbonates. Silicification was also significant, and the SiO 2 concentrations were variable (18.3 to 96.7 %).
Kakabeka Falls and Highway 590 east sections
Banded cherts with iron-rich and carbonaceous layers were observed near the parking area at the park entrance (48.40279˚N, 89.623459˚W). Boulders that were plausibly derived from this outcrop were found outside of the park and were analysed in this study. The iron-rich layers consisted of iron oxide, minor euhedral siderite, quartz, chlorite and organic matter (Fig.  S-2j ). Those samples had high Fe 2 O 3 concentrations of up to 40 %. The chert layer consisted of equigranular quartz and features high SiO 2 concentrations (72.9 to 96.6 %). The P 2 O 5 concentrations of the iron-rich layers were higher than those of the chert layers. At the intersection of Highways 11 and 590, silicified stromatolites, a chert layer and a minor black shale layer were observed (48.404877˚N, 89.632538˚W). The black shale layer consisted of fine grains of detrital quartz and organic matter with minor pyrite grains. Pourmand et al. (2012 
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Chemical and Light Element Isotope Compositions of Bulk Rock and Kerogen
Light element concentrations in bulk rock and kerogen
The total organic carbon (TOC), carbonate carbon (C carb ), total carbon (TC), total nitrogen (TN), and pyrite sulphur (S pyr ) concentrations in the bulk rock samples are summarised in Table 1 . The TOC and S pyr concentrations ranged from 0.0 to 8.9 wt. % and from 0.0 to 1.1 wt. %, respectively. The TN concentrations of all bulk rock samples were below detection limit (<0.1 wt. %). In Figure S -3a, the TOC concentrations were plotted against the S pyr concentrations. Generally, the shallower lithofacies, such as the stromatolite and sandstone facies, exhibited low TOC and S pyr concentrations, whereas the deeper lithofacies, such as the carbonate and shale facies, exhibited a range of concentrations.
The hydrogen, carbon, nitrogen and sulphur concentrations of the extracted kerogens were also summarised in Table  1 . The observed H, C, and N concentrations in the kerogen samples ranged from 0.0 to 4.4 wt. %, 8.2 to 89 wt. %, and 0.0 to 1.4 wt. %, respectively. The predominant portion of the sulphur in Table 1 appears to be primarily associated with pyrite and to a lesser degree with organic sulphur as pyrite could not be removed from the kerogen by our procedure. The correlation between the H/C and N/C ratios for the examined kerogen samples compared with a previous data set of kerogen samples from the Palaeoproterozoic to Mesoproterozoic (Schopf and Klein, 1992) , is shown in Figure S -4. The previous data plots showed a graphitising trend in the N/C and H/C ratios related to the differences in metamorphic grade of each geological section. The N/C and H/C ratios observed in this diagram indicate that the kerogen examined in this study was moderately mature, which was expected based on the metamorphic grade of the Gunflint Formation, which was as low as greenschist facies (Floran and Papike, 1975, Easton et al., 2000) . Grey squares are data from Mesoproterozoic to Palaeoproterozoic kerogen samples cited from Schopf and Klein (1992) .
Carbon and sulphur isotope compositions
The δ 13 C values of the kerogen samples and δ 34 S values of pyrite are shown in Table 1 . The δ 13 C values ranged from -33.6 to -25.1 ‰. In general, the δ 13 C values of the ferruginous or chert samples tend to be heavier than those of shale and carbonate samples. Only one outlier value, -25.1 ‰, was observed in sideritic BIF (sample #0723) from the Pass Lake section. No correlation was observed between the δ 13 C and TOC values (Fig. S-3b ). The δ 13 C values of Fe-limestones and siderites, ranging from -6.0 to 0.5 ‰ with mean value of -3.3 ‰, were summarised by the previous studies (e.g., Winter and Knauth, 1992 , Shield and Veizer, 2002 , Ohmoto et al., 2004 . These values of dissolved carbon are responsible for the source of organic carbon.
The δ
34 S values of pyrite ranged from -1.1 to +26.9 ‰ with a mean value of +9.9 ‰ ( Table 1 ). The highest value of +26.9 ‰ was obtained from a sample of the carbonate-sand zone from the Current River section (sample #0701). The lowest value of -1.1 ‰ was obtained from an iron-rich layer in a BIF sample from the Pass Lake section (sample #0724).
Nitrogen Isotope Compositions and TEM Observations
The bulk δ 15 N values of kerogen, ranging from +2.9 to +8.0 ‰, are summarised in Table 1 . The heaviest value of +8.0 ‰ was observed in the kerogen from a carbonate-sand zone (sample #0711), whereas the lowest value of +2.9 ‰ was observed in the black shale (sample #0301). Generally, there are no lithofacies-dependent variations of δ 15 N values.
Figure 1 (in the main text) shows the results of the stepwise combustion analyses performed on 11 kerogen samples in this study (Table S -2). The data from the 2 samples analysed by Ishida et al. (2012) were replotted and were included in Figure 1 for comparison. The nitrogen release amounts, the δ 15 N values for each temperature step, and the average δ 15 N values for the lower (500-575 ºC) and higher (600-1100 ºC) temperature fractions are shown. The average δ 15 N values of the lower and higher-temperature fractions were calculated using the δ 15 N values and the release amounts for the relevant temperature steps. Some samples exhibited higher δ 15 N values for the higher-temperature fraction than for the lower-temperature fraction, while other samples exhibited the opposite trend, similar to the situation observed in Ishida et al. (2012) . The release amounts of carbon appear to be fairly well correlated with those of nitrogen, suggesting that the nitrogen was hosted by carbon structures (Ishida et al., 2012) .
In Figure 1 , we set the boundary between the higher and lower-temperature fractions at 575 ºC, the temperature at which the δ 15 N shift is most likely to occur. However, this boundary may vary within a range of ±25 ºC among the samples, according to the previous observations by Ishida et al. (2012) . However, the overall trend of the average δ 15 N values among the samples seems to be insensitive to the exact boundary temperatures adopted for the statistics. To illustrate this pattern, in Figure S -5 and Table S-3, we prepared another version of the average δ 15 N values for the lower and higher temperature ranges. In this version, we determined the boundary of the lower-and the higher-fractions from the stepwise δ 15 N profiles. Figure S-6a and b also demonstrate that the correlation between the δ 15 N LT and the Pr/Sm ratios is the same, while no correlation was observed between the δ 15 N HT and the Pr/Sm ratios. Thus, there is no significant difference between these two types of deviations. The TEM observation of kerogen supports the heterogeneous carbon structure (Fig. S-7) . Two types of carbon structures were observed in kerogen: disordered and folding structure, and well-ordered graphane-stacking structures. The differences in host organic matter would be responsible for the heterogeneity of nitrogen isotope compositions. 
Tectonic and Oceanic Environment in the Animikie Basin
Continental and hydrothermal fluxes
The samples examined in the present study include both siliciclastic and chemical sedimentary rocks. Both types contain variable amounts of detrital minerals. The contribution of detrital minerals to the bulk rock chemistry can be evaluated using major and trace elements. For example, K and Ti are correlated with Al, suggesting K and Ti were also introduced into the sediments by detrital clay and oxide minerals. V, Th, Sc, and Ni show positive correlations with Zr in all examined samples, suggesting that V, Th, and Sc are also associated with detrital minerals, most likely oxides ( Fig. S-8 ). The carbonate samples contain appreciable amounts of Al, K and Ti, suggesting that large amounts of weathering products were added to the shallow part of the Animikie basin. The effects of detrital materials are also observed in the REE patterns of these samples. For example, a portion of the carbonate samples (e.g., samples #0702 and #0705) from the Current River section exhibit enrichment in light REEs (LREEs) relative to heavy REEs (HREEs), comparable to the patterns of the shales (e.g., samples #0301 and #0304). These trends suggest a significant input of continental detritus in these carbonate samples ( Fig.  S-9 , Tables S-1, S-4).
The concentrations of Fe were generally high in carbonate samples (Fig. S-8b ), indicating that anoxic submarine hydrothermal plumes supplied dissolved Fe 2+ to the shallow ocean (e.g., Simonson, 1985; Derry and Jacobsen, 1990; Isley, 1995; Carrigan and Cameron, 1991; Fralick et al., 2002; Poulton et al., 2010) . In addition, most samples exhibit positive Eu anomalies, supporting the above model for carbonate precipitation under the influence of submarine hydrothermal plumes (e.g., Derry and Jacobsen, 1990; Poulton et al., 2010) .
The carbonates observed at the Terry Fox section represent the uppermost section of the Gunflint Formation. They are depleted in light REEs (LREEs) compared to heavy REEs (HREEs) (Fig. S-9d ). These patterns apparently resemble the REE pattern of the contemporary ocean (Johannesson et al., 2006 and references therein) . The Al and Zr concentrations are much lower in this section. Furthermore, the positive Eu anomaly is less clear in these samples, which also have lower Fe concentrations. These observations suggest that submarine hydrothermal and the continental fluxes were comparatively reduced during the deposition of the carbonate in the Terry Fox section.
The REE patterns of shale samples are shown in Figure  S -9. Samples #0301 and #0304 are enriched in LREEs and feature flat MREE to HREE patterns. This type is the most dominant among the examined shale samples. Their protoliths were most likely enriched in LREEs relative to PAAS, thereby indicating a greater contribution from felsic to intermediate source rocks. Shale samples from the Terry Fox section (samples #0725 and #0726) and one sample from the Blend Lake North section (sample #0302) show LREE-depleted and flat MREE and HREE patterns. Such a pattern is explained by greater contributions from mafic components, including basaltic tuffs.
An evolution model for the Animikie Basin has been proposed by previous investigators (e.g., Schulz and Cannon, 2007) . This model was based on the geology and chronology of the Marquette Range Supergroup in the Wisconsin and Michigan area. The proposed model can be applied to the Gunflint Formation because of its chronological and lithological correlation to the Marquette sections. At ca. 1875 Ma, an arc started to collide with an embayment along the southern edge of the Superior craton, forming a broad and shallow basin in which northerly-derived siliciclastic sediments were deposited on Archean crust. After collision, the northward subduction led to a period of back-arc extension, generating submarine volcanism and the release of hydrothermal plumes in the Animikie Basin. As a result, laterally extensive BIFs and other Fe-rich rocks formed in the Animikie basin. During this period of arc collision and back-arc extension, the Superior craton, which has an intermediate crustal composition, was the main source of detrital material. By 1850 Ma, subduction had ceased, and the Sudbury impact event had occurred. As a result, a foreland basin replaced the back-arc basin, and more detrital material was supplied from "old" portions of the arc, which had more mafic tholeiitic volcanics. These tholeiitic volcanics have different REE patterns than the Superior craton. Thus, the change in sediment source is recorded in the LREE-depleted characteristics of shales in the upper part of the Gunflint Formation. This tectonic history is consistent with the observed LREE-enriched patterns in a majority of the shales (Fig. S-9 ). 
REE behaviour and implications for the redox conditions of the ocean
Redox stratification of Palaeoproterozoic oceans has been proposed by previous investigators (e.g., Canfield et al., 1996; Anbar and Knoll, 2002; Poulton et al., 2004 Poulton et al., , 2010 Hiatt et al., 2015) . However, it is unclear whether the shallow part of the Gunflint ocean was widely oxic or anoxic (e.g., Poulton et al., 2004 Poulton et al., , 2010 Rasmussen et al., 2012; Hiatt et al., 2015) .
The mineralogy and chemistry of our samples suggest widespread oxic shallow ocean conditions during the deposition of the Gunflint Formation. Grains of microscopic haematite are common in carbonate oolite (Pass Lake section, Fig. S-2a) , and these grains are protected by a ferrodolomite matrix. Therefore, these haematite grains are not modern weathering products. The Ce/Ce* anomaly observed in the REE data further supports the argument of an oxic environment in the Gunflint sedimentary basin. The negative correlation observed between Ce/Ce* and Pr/Pr* in the examined samples ( Fig. S-10) indicates that the observed Ce anomaly is a real trend, as opposed to false trends that may occur because of La anomalies (Bolhar et al., 2005) . These observations are consistent with the redox-stratified model suggested by previous investigators (Planavsky et al., 2009 ).
The occurrence of phosphorite supports the existence of a redox boundary in the water column (sample #0713). An Fe-pump model has been proposed by previous investigators to explain the initial concentration of phosphates in the Animikie sedimentary rocks (e.g., Bjerrum and Canfield, 1996; Edwards, et al., 2012; Hiatt et al., 2015) . In this model, dissolved phosphorous was adsorbed on host Fe-hydroxides in the vicinity of the redox boundary and then deposited in the The components which have positive correlation coefficiencies are displayed in bold.
sediment. The presence of Fe-hydroxides is the key for the Fe-pump model, and oxic surface water is required to form Fe-hydroxides (Nelson et al., 2010) . Later diagenetic processes re-mobilised and concentrated the phosphate, forming pristine phosphorite in the Gunflint sediments (Hiatt et al., 2015) . Flooding processes brecciated and transported the pristine phosphorites to the deeper sedimentary basin, allowing re-deposition of granular and rounded phosphorites, as seen in Figure S -2e. Arsenic is only detected in the framboidal pyrite around the phosphorites, and other euhedral pyrites, which occur in the carbonate shale hosting phosphorites, do not contain As. Arsenic compounds can be precipitated in sediments associated with Fe-hydroxides and phosphorus because the chemical behaviour of As resembles that of Fe (O 'Day, 2006) . These local concentrations of As likely originated from submarine hydrothermal activity and were concentrated in the sediments by the Fe-pump process. Although the formation process of framboidal pyrite in the examined samples remains unclear, Fe-hydroxides can act as a precursor (Morse and Wang, 1997, Ohfuji and Rickard, 2005) . In modern environments, phosphorus is released from terrestrial rocks by weathering and transported into the oceans by rivers. This phosphorous is then fixed into marine sediments through biological activities (Paytan and McLaughlin, 2007) . In Palaeoproterozoic redox-stratified oceans, the adsorption of phosphorous to Fe-hydroxides might have played a more important role in the accumulation of phosphorous in marine sediments (e.g., Papineau et al., 2009 Papineau et al., , 2013 Edwards et al., 2012) . In the present study, we could not observe such an occurrence of phosphorite except for sample #0713. We interpreted that the most of P-related minerals, which originally existed in the Gunflint Formation, were already silicified and lost.
The correlation coefficient values between the Pr/Sm ratio and the major and trace element concentrations, and δ 15 N values among examined samples, are summarised in Table S -5. This table shows that some bioessential trace metals, such as Mo, V, and Ni, have positive correlations with the Pr/ Sm ratios, suggesting that the increment of continental input supplied them to the ocean.
Availability of sulphate
Previous investigators suggested that the sulphate concentration in the Animikie Basin was very low and that the Gunflint Formation records a global transition into a sulfidic ocean in the Palaeoproterozoic (e.g., Poulton et al., 2004 Poulton et al., , 2010 Johnston et al., 2006) . However, some investigators questioned the suitability of using the Gunflint Formation to discuss a global transition into a sulphidic ocean and the availability of sulphate in the Animikie Basin . These arguments are based on C (TOC) and S (S pyr ) concentrations (i.e. S pyr /TOC ratios) of sedimentary rocks, δ 34 S values of pyrite, or Fe-speciation analyses in the Gunflint, Rove, and Michigamme Formations. In particular, the S pyr /TOC ratios in Gunflint Formation are the key issue in this discussion.
The TOC values in the present study are compatible with those of Poulton et al. (2004) . In contrast, the S pyr concentrations are much higher than those of Poulton et al. (2004) . The S pyr concentrations by Poulton et al. (2004) are less than 0.19 wt. % S, whereas those of the present study are up to 0.58 wt. % S. In particular, samples #0721 and #0725 feature high S pyr values, but their TOC values are similar to those of the other samples. Sample #0725 is composed of Fe-rich dolomite. The pyrite crystals found in this sample are closely associated with laminated organic matter (Fig. S-2i ). The absence of hydrothermal alteration and the generally high δ 34 S values suggest that these pyrite crystals are products of microbial sulphate reduction. Other carbonate samples with moderate TOC values also have microscopic pyrite in organic-rich laminae that yield moderate S pyr concentrations (up to 0.1 wt. % S). The high S pyr and low TOC concentrations in sample #0725 are explained by the difference in the digestibility of organic matter by sulphate-reducing bacteria. Microbial sulphate reduction generally proceeds through the following reaction:
